Background {#Sec1}
==========

The exceptional diversity and propensity to generate adaptive radiations have made cichlid fishes one of the most important vertebrate model systems for evolutionary biology research \[[@CR1]--[@CR4]\]. Much effort has been invested in the reconstruction of the evolutionary time scale and biogeographic history of cichlids distributed in the Americas, Africa, the Middle East, Madagascar and the Indian subcontinent \[[@CR5]--[@CR9]\]. The primary focus has been on the biogeographic origin of the cichlids from the so-called East African Radiation (EAR), i.e., the clade that comprises the famous megadiverse radiations of the East African Lakes Tanganyika (LT), Malawi (LM) and Victoria (LV). Nevertheless, there remains debate over the divergence age estimates of their origin, as well as a lack of a precise reconstruction of their paleogeographic environments providing the stage for these spectacular radiations. One of the reasons is that unambiguous and important calibration points for molecular clock estimates, e.g. a consolidated root age of the family Cichlidae or a lack of cichlid fossils within EAR with the phylogenetically clear position.

Two major hypotheses relating to the problem of the cichlid root age have been proposed, i.e., the *Vicariance Hypothesis* and the *Dispersal Hypothesis*. The former places the cichlid origin before the Gondwana fragmentation and is supported by evidence for reciprocally monophyletic cichlid lineages on in Africa (Pseudocrenilabrinae) and the Americas (Cichlinae), a pattern that is more difficult to envisage under the second hypothesis. This postulates a marine dispersal of early cichlids after tectonic separation of South America, Africa and Madagascar and is supported by the fact, that the oldest cichlid fossil, †*Mahengechromis*, is of only Eocene age (approx. 46 Ma, \[[@CR10]\]). Both the Gondwana divergence date based on tectonics as well as the cichlid fossil calibrations have been previously used as calibration priors in molecular clock studies on cichlids and yield, not surprisingly, dramatically different divergence time estimates and biogeographic implications, not only for the EAR evolution (\[[@CR5]--[@CR8], [@CR11], [@CR12]\]). For example, the most recent study on this subject based on the yet most comprehensive dataset inferred a mean divergence age of New World and African cichlid lineages of approximately 82 Ma, i.e. soon after the final separation of Africa and South America (\[[@CR9]\]), whereas other recent studies infer either substantially younger (approx. 46 Ma; \[[@CR7]\]) or substantially older (approx. 147 Ma; \[[@CR13]\]) divergence ages for this split. Consequently, different age estimates for EAR-lineages turned out to be highly divergent as well \[[@CR5], [@CR14]\]. To further complicate the issue, inferred lake ages of the African great lakes or their lake level histories have frequently been used to calibrate cichlid molecular clocks under the assumption that endemic clades diverged only after lake formation or, following complete lake basin desiccation, after refilling events \[[@CR14]--[@CR16]\]. This approach is problematic for several reasons. Firstly, the geological history of the formation of the East African rift lakes is highly complex and still not fully understood; therefore, the geological age and onset of truly lacustrine conditions of LT continues to be under debate (e.g. \[[@CR17]\]). Several EAR molecular clock studies used an age of 9--12 Ma as a calibration point for the formation of the LT lacustrine basin (e.g. \[[@CR14], [@CR15]\]). This age was based on extrapolation of recent sedimentation rates in LT under the assumption of roughly uniform sedimentation rates over the past million years. This assumption is most likely too simplistic, because dramatic climate changes as well as the highly dynamic East African rift tectonics and their associated volcanism must have influenced sedimentation rates substantially \[[@CR17]--[@CR19]\]. Indeed, more recent studies based on thermochronology and sedimentology constrain pre-rift formation of the Albertine Rift system to 4--11 Ma, and the onset of true rifting activity at around 5.5 Ma in the norther LT basin; this in turn implies a much younger age for modern LT than 9--12 Ma \[[@CR20]--[@CR23]\]. Secondly, some of recent endemic and sympatric LT cichlid lineages are likely to have evolved independently in the larger proto-LT drainage area, and only later met and possibly hybridized in the extant LT basin \[[@CR17]\]. Hence, as the true age of extant lake basin formation of LT remains unknown and as the assumption of all LT cichlid lineages having originated in situ is not unambiguously supported, studies using a presumably precise age 9--12 Ma as calibration prior for the origin of endemic lacustrine LT fish radiations are potentially misleading. In a analogous case, the age of endemic Lake Malawi lacustrine cichlid lineages has previously been constrained in molecular clock analyses \[[@CR15], [@CR16]\] to be younger than the postulated complete desiccation of Lake Malawi either at around 1.6--1.0 Ma, or at the post-drought re-establishment of truly lacustrine conditions at 1.0--0.57 Ma \[[@CR24]\]. This approach is in conflict with a recent study reporting continuous sedimentation in the geological LM basin over the last 1.3 Ma, i.e. raising doubts about the previously used LM calibration points \[[@CR25]\] Therefore, the use of the sedimentology-based lake age estimates as molecular clock calibration points for the origin of cichlid taxa endemic to large and paleogeographically complex rift lakes appears problematic and might result in highly misleading node age estimates.

Nevertheless, relative and absolute divergence time estimates remain essential for the study of the cichlid biogeographic origin and the history of evolutionary processes whose interplay generated the yet unrivaled vertebrate diversity within the dynamic landscape of the East African rift and its lakes (e.g., \[[@CR17], [@CR26]\]). Ultimately, the spatiotemporal reconstruction of phylogenetic relationships between riverine and lacustrine East African cichlid lineages may not only inform evolutionary biology but will also help to reconstruct geomorphological landscape evolution in the identification of lake colonization routes and river capture events \[[@CR27]\].

Here we present new divergence age estimates based on eighteen different calibration sets, which includes up to seven different calibration points represented by three neotropical cichlid fossils, up to three pseudocrenilabrine cichlid fossils and one geological event; the root was calibrated with three different secondary constraints (see below). In particular, the recently described African cichlid fossil †*Tugenchromis pickfordi* is included \[[@CR28]\]. Our primary sequence alignment consists of ten mitochondrial protein coding genes including representatives of almost all recognized cichlid tribes with emphasis on the EAR. The application of eighteen different calibration sets enabled us to compare recent cichlid molecular clock studies with our findings, as well as to infer the impact of †*Tugenchromis pickfordi* as a calibration point. There is a long-standing debate about the applicability of mitochondrial DNA data for molecular clock estimates. For example, Matschiner \[[@CR29]\] pointed out that nuclear marker-based studies (e.g. \[[@CR7], [@CR29]\]) often yield younger divergence time estimates than mitochondrial marker-based studies (e.g. \[[@CR5], [@CR6]\]). Therefore, we complement our mtDNA-based analyses (calibration Sets 1--17) with an independent nuclear DNA-based alignment (calibration Set 18) to infer whether or not an identical calibration strategy would result in similar node age estimates for both data sets. We provide a new relative divergence time frame for the African Pseudocrenilabrinae and especially for the mtDNA lineages belonging to the EAR, which is critical in the context of clarifying the phylogeographic history and origin of the famous adaptive radiations of LT, LM and LV but also of several smaller haplochromine lineages. In this study, we include several riverine lineages for the first time allowing for new insights into the complex evolutionary history of the EAR.

Methods {#Sec2}
=======

Taxon and nucleotide sampling {#Sec3}
-----------------------------

Ten mitochondrial protein coding genes were sequenced or obtained from Genbank for 180 cichlid species (Additional file [1](#MOESM1){ref-type="media"}: Table S1). The focus of the data set was on taxa representing all major lineages of the East African cichlid Radiation (EAR), but members of all other cichlid subfamilies were included as well: Madagascan and Asian Etroplinae (*N* = 2) and Ptychrominae (*N* = 2), American Cichlinae (*N* = 31) and African Pseudocrenilabrinae (*N* = 145). The latter are represented by almost all major tribes including Tylochromini (N = 1), chromidotilapiines (*N* = 2), hemichromines (N = 2), pelmatochromines (*N* = 1); haplotilapiine lineages (sensu Schliewen & Stiassny, 2003) are represented by the mouthbrooding Oreochromini (*N* = 14), substrate brooding Pelmatotilapiini (*N* = 1) and boreotilapiines (sensu Schwarzer et al. 2009, Dunz et al., 2013) including Coptodonini (*N* = 2) and Gobiocichlini (*N* = 1) and austrotilapiines (*N* = 121). The austrotilapiine lineage is represented by Tilapiini (*N* = 3), Steatocranini (*N* = 3) and EAR lineages. The taxon sampling of the EAR lineages (*N* = 115) comprised members of all formally described Lake Tanganyika tribes (sensu Takahashi \[[@CR30]\] and Koblmüller et al. \[[@CR31]\]), i.e. Boulengerochromini (*N* = 1), Bathybatini inclunding Hemibatini (*N* = 7), Trematocarini (*N* = 5), Lamprologini (*N* = 16) including nine riverine taxa of the Congo basin sensu stricto and the Lufubu River (a southern affluent to Lake Tanganyika), Eretmodini (*N* = 2), Cyphotilapiini (N = 2), Limnochromini (*N* = 2), Ectodini (*N* = 6), Perissodini (N = 2), Cyprichromini (*N* = 2), Benthochromini (N = 1) and Tropheini (*N* = 9; a subgroup of Haplochromini). Moreover, the dataset contains representatives of several additional riverine taxa representing informally named lineages. Since the placement of many recently discovered riverine Haplochromini in Greenwood's classification \[[@CR32]\] of *Haplochromis* and related taxa is problematic, we accounted for these taxonomic uncertainties by placing species of unsettled generic status in the catch-all genera '*Haplochromis*', '*Orthochromis*' or '*Ctenochromis*'; this follows the practice first suggested by Hoogerhound \[[@CR33]\] and later adopted by several studies (e.g. \[[@CR17]\]). Nomenclature for most of these lineages follows Schwarzer et al. \[[@CR34]\] and Weiss et al. \[[@CR17]\], i.e. we included Northern-Zambia-*Orthochromis* (4), LML-*Orthochromis* occurring at Luapula-Mweru system and the Lualaba/Congo main stem (*N* = 1), Malagarasi-*Orthochromis* (*N* = 4) as well most rheophilic mtDNA lineages of the Congo basin, i.e. '*Orthochromis*' *indermauri*, '*Orthochromis*' *torrenticola*, '*Orthochromis*' *stormsi*; further included are '*Haplochromis*' *vanheusdeni* (N = 1), *Astatoreochromis straelini* (N = 1), Congo-basin *'Haplochromis'* (*N* = 3)*, Ctenochromis pectoralis (N = 1)*, *'Pseudocrenilabrus-*group' (*N* = 9; including the Northern-Zambia-*Orthochromis*) and serranochromines-mtDNA-lineage (*N* = 11; including the Congo-basin *'Haplochromis' and* LML-*Orthochromis*) as well as two undescribed species referred here as "New Kalungwishi Cichlid" and "New Lufubu Cichlid". We further included representative members of all major lineages of the Lake Malawi species flock (*N* = 22) as well as riverine and 'modern' Haplochromini of East Africa (*N* = 10). Selection of representative taxa was optimized to encompass the oldest divergence events of clades within austrotilapiine mitochondrial clades and is based on previous studies (e.g. \[[@CR35]--[@CR39]\]). This approach was chosen to infer the oldest mtDNA divergence age estimates for each of these lineages.

In addition to the mitochondrial data set we generated a second data set based on partial sequences of four nuclear loci, i.e. RAG1, ENC1, RH1 and TMO-4c4. All these sequences were obtained from GenBank with the aim to compile a widely comparable taxon sampling to our mitochondrial data set. Since more than one sequence per locus was available for several species, only the most complete sequence of each locus was chosen, and, where ever possible, sequences of the same species would derive from the same study and individual. Furthermore, to obtain a dataset with few missing data only taxa with two or more loci represented in Genbank were kept (except *Gymnogeophagus balzanii* and *Gymnogeophagus setequedas* for which only one locus was available). In total, the nuclear data set included 117 species representing all cichlid subfamilies and most of the major lineages of the EAR (Additional file [2](#MOESM2){ref-type="media"}: Table S3). Nevertheless, sequences of several comparatively recently diverged lineages were not available in Genbank, e.g. Malagarasi-*Orthochromis,* '*Haplochromis*' *vanheusdeni,* the Congo-basin *'Haplochromis,* LML-*Orthochromis, Astatoreochromis, Ctenochromis pectoralis,* '*Haplochromis*' *vanheusdeni* and '*Orthochromis*' *indermauri*.

Sampling procedures {#Sec4}
-------------------

Material for this study was obtained from the commercial cichlid fish trade in Germany, private collection of aquarium hobbyists or collected on previous field trips. Individual fish were either caught using various fishing methods (gill net, beach seine net, gill net, hand net) or bought freshly fished from local fishermen. Freshly caught fish were sacrificed by an overdose of approved fish anesthetic (Benzocaine, MS-222). Subsequently, fin clips were fixed in 96% ethanol and entire specimens were fixed in 10% formalin, as explained in \[[@CR40]\]. We followed all applicable international and national guidelines of animal use and ethical standards for the collection of samples.

Molecular methods {#Sec5}
-----------------

Total genomic DNA was extracted by using the DNeasy Blood & Tissue Kit (Qiagen) following the manufacturer's protocol and the DNA concentration was standardized to 25 ng/μl. We either amplified the whole mitochondrial genome or three large fractions using the following three primer pairs: Primer pair A (L2508KAW: 5'-CTC GGC AAA CAT AAG CCT CGC CTG TTT ACC AAA AAC-3'; \[[@CR41]\]; and ZM7350R: 5'-TTA AGG CGT GGT CGT GGA AGT GAA GAA G-3\`), Primer pair B (ZM7300F:5\`-GCA CAT CCC TCC CAA CTA GGW TTT CAA GAT GC-3' and ZM12300R: 5'-TTG CAC CAA GAG TTT TTG GTT CCT AAG ACC-3') and Primer pair C (ZM12200F: 5'-CTA AAG ACA GAG GTT AAA ACC CCC TTA TYC-3' and ZM2100R: 5'-GAC AAG TGA TTG CGC TAC CTT TGC ACG GTC-3; all ZM primers taken from \[[@CR9]\]; the number in the primer names refers to an approximate position within the mitogenome starting by the tRNA-Phe). The amplified fragments overlapped and enabled the assembly of contiguous mitochondrial genome fragments across primer sites. Long-range PCR were conducted using the TaKaRa LA Taq DNA polymerase kit (TaKaRa) with the following thermal profiles: initial denaturation at 98 °C (60 s), followed by 35 cycles of denaturation 98 °C (10 s), annealing at60°C (Primer pair A), 62 °C (Primer pair B) or 60 °C (Primer pair C) for 60s, elongation at 68 °C (15 min), and a last extension step at 72 °C (10 min). Amplification products were purified using the QIAquick Gel Extraction Kit (Qiagen) following the manufacturer's protocol. DNA concentration of purified amplification products were adjusted to 0.21 ng/μl and fragments of each species were pooled equimolarly. The Nextera XT DNA Sample Preparation Kit (Illumina) was used for library preparation following the manufacturer's protocol until the normalization step. Library pooling and sequencing was conducted at the Sequencing Service of the Ludwig Maximilian University of Munich on an Illumina MiSeq platform. Alternatively, several samples were sequenced on the Ion Torrent PGM platform following the library preparation using the Ion Xpress™ Plus Fragment Library Kit and the template preparation on the Ion OneTouch™ 2 System (following OT2 protocol). Adaptor trimming, quality control and assembly of the sequencing reads were done by using the CLC Genomics Workbench (Qiagen). Annotation of the assembled sequences (mean coverage: 6820; mean sequence length: 9923 bp) was performed in Geneious v.7.05 \[[@CR42]\] using the complete mitochondrial genome of *Oreochromis niloticus* as a reference genome (GenBank accession number: GU370126; \[[@CR43]\]). Sequence data were deposited in Genbank under the accession numbers (MK144668 -- MK144786 and MK170260 -- MK170265, Additional file [1](#MOESM1){ref-type="media"}: Table S1). To complement our data set we included published mitochondrial genomes from previous studies that were deposited in GenBank (Additional file [1](#MOESM1){ref-type="media"}: Table S1).

Phylogenetic analysis, divergence time estimate and fossil calibration {#Sec6}
----------------------------------------------------------------------

We extracted protein coding sequence information of ten mitochondrial protein-coding genes (ND1, ND2, COX1, COX2, ATP8, ATP6, COX3, ND3, ND4L, ND4) for all taxa from of our data set. If sequences of a particular gene were missing (e.g. due to poor quality of sequence) a multi-N string was inserted into the alignment in the respective positions (Additional file [1](#MOESM1){ref-type="media"}: Table S1). For *Lamprologus tigripictilis* three genes were missing, therefore we used the ND2 sequence of another specimen of the sampled at the same river location (Genbank accession number: JX157061) to complement sequence information for this species. Sequences were aligned for each gene separately using the Geneious alignment tool with default settings and then checked by eye. Single gene alignments were concatenated in Geneious, resulting in a total alignment of 7893 bp with 4529 variable sites and relative base frequencies (excluding gaps and ambiguous sites) of A = 0.25, T = 0.28, C = 0.32 and G = 0.15. Each codon position was tested for saturation by calculating the number of transitions and transversions for all taxon pairs for each codon position separately in PAUP v. 4.0 \[[@CR44]\] and plotting them against each other.

The complementary four nuclear loci alignment with sequences from Genbank (RAG1, ENC1, RH1 and TMO-4c4) comprised 117 taxa. Missingness was as follows: 16 species had no RAG1 sequence, 8 had no ENC1, 40 had no RH1 and 41 had no TMO-4c4, and missing data were replaced by Ns. Genbank sequences were individually aligned using the Geneious alignment tool with default settings and subsequently checked by eye and trimmed to equal length. All single locus alignments were concatenated in Geneious resulting in a total alignment of 3483 bp and 35.8% missing data. Relative base frequencies (excluding gaps and ambiguous sites) of this alignment are A = 0.24, T = 0.25, C = 0.24 and G = 0.27.

Selection of the best-fitting substitution model (GTR + I + G) for each gene was conducted using the program jModeltest \[[@CR45]\] based on Akaike information criterion (AIC). Maximum likelihood (ML) inference of phylogenetic relationships was conducted with RAxML v8.2.6 \[[@CR46]\] on the CIPRES Science Gateway \[[@CR47]\]. For this step, the data set was further partitioned into first, second and third codon positions and the two Etroplinae taxa *Etroplus maculatus* and *Paretroplus maculatus* were defined as outgroup, based on consilient evidence from previous phylogenetic studies \[[@CR7], [@CR8]\]. Bootstrap replications were automatically halted by RAxML (using the majority rule criterion) after 108 replications followed by ML search. Relative divergence times of clades were estimated using the Bayesian software BEAST v2.3.2 \[[@CR48]\] under a relaxed lognormal clock model with a birth-death speciation model on the CIPRES Science Gateway. Again, the data set was partitioned in first, second and third codon position. Moreover, for the BEAST analysis we defined five clades as monophyletic based on the results of the Maximum Likelihood analysis (see above): Clade 1 (Ptychochrominae + Pseudocrenilabrinae + Cichlinae), Clade 2 (Pseudocrenilabrinae + Cichlinae), Clade 3 (Pseudocrenilabrinae), Clade 4 (Cichlinae) and Clade 5 (containing: austrotilapiines, Pelmatolapiini, Oreochromini). These clades were supported by high bootstrap values (except Clade 2 and Clade 5) in our analysis and were concordant by previous studies (e.g. \[[@CR5], [@CR7], [@CR8]\]).

Calibration points were chosen conservatively based on a critical evaluation of all previously used calibration points in cichlid phylogenetic studies. Up to six fossils (three Neotropical cichlid fossils and three fossils belonging to the Pseudocrenilabrinae) and one geological event (geological age of the crater lake Barombi Mbo maar) were finally selected. Justifications for their inclusion is detailed below; for reasons why previously used cichlid fossils and geological calibration points were excluded, see the Additional file [3](#MOESM3){ref-type="media"}. Ninety five percent quantiles of prior-probability-densities width for fossil calibration points laid between 29.2 and 39.1 Ma, which roughly matches the recommendation by \[[@CR9]\]). Generally, only fossils with well evaluated evidence for their phylogenetic position and with equally well corroborated ages were included.

The three neotropical cichlid fossil are: †*Plesioheros chaulidus, †Gymnogeophagus eocenicus* and †*Tremembichthys* (e.g. *†T. paulensis and †T. garciae)*.

†*P. chaulidus* and †*G. eocenicus* were described from lacustrine "Faja Verde" deposits of the uppermost section of the Lower Lumbrera formation in Northwestern Argentina \[[@CR49], [@CR50]\]. The exact age of "Faja Verde" deposits remains under debate, but it is possible to constrain the youngest possible age of the whole Lumbrera formation to 39.9 Ma based on U/Pb dating of its uppermost layer \[[@CR51]\]; and it is possible to constrain the cichlid bearing layer to a maximum age of 45.4--38.0 Ma based on accompanying mammal fossils, whose association suggests an Casamayoran-Vacan age (for a more detailed discussion of the age of Lumbrera formation see \[[@CR9], [@CR52]\], who used the same calibration). The phylogenetic placement of †*Plesioheros chaulidus* within the Cichlinae tribe Heroini is well supported by several morphological synapomorphies, but a refined placement of †*Plesioheros* is hampered by the presence of lingual cusps on the teeth in the fossil, which are not present in the two heroine genera *Hypselecara* and *Hoplarchus* \[[@CR53]\]. Since phylogenetic analyses of Heroini intrarelationships based on morphological \[[@CR53]\] and molecular datasets (e.g \[[@CR52], [@CR54]\]) are partially incongruent, and since our Heroini taxon sampling is limited to a few key taxa, we conservatively place †*Plesioheros* at the node uniting only Heroini with lingual cusps being present, i.e. after the divergence of *Hypselecara.* The phylogenetic placement of *†Gymnogeophagus eocenicus* in the extant genus *Gymnogeophagus* is well supported based on two unambigous apomorphies \[[@CR50]\]. We conservatively place the calibration point at a node uniting our single *Gymnogeophagus* species (*G. balzanii*) with two other geophagine taxa (*Mikrogeophagus ramirezi*, '*Geophagus*' *brasiliensis*).

*†Tremembichthys* has been recorded from the Entre-Córregos Formation (Aiuruoca Tertiary Basin) and from the Tremembé formation (Taubaté Basin) in Brazil \[[@CR55]\] The Entre-Córregos Formation was suggested to be of Eocene-Oligocene age based on palynological evidence \[[@CR56], [@CR57]\], whereas lacustrine shales of Tremembé formation are dated to Oligocene-Miocene based on geological and paleontological studies \[[@CR58], [@CR59]\]. Phylogenetic analysis based on the character matrix of Kullander \[[@CR60]\] placed †*Tremembichthys* within Cichlasomatini, a tribe which is supported by several morphological apomorphies. Of those, however, only the square shaped lachrymal is preserved in †*Tremembichthys* \[[@CR55]\]. We accept the placement of †*Tremembichthys* within Cichlasomatini for most of our calibrations, and following \[[@CR52]\] we apply a conservative time range of 55.8--23.03 Ma for *†Tremembichthys* as no precise age estimate is available for the Entre-Córregos formation. Nevertheless, it is worth mentioning that *†Tremembichthys* has three pterygiophores articulated with the first haemal arch \[[@CR55]\], a condition unknown from any extant Cichlasomatini member. Generally, cichlasomatines have one to two pterygiophores articulated to the first haemal spine whereas some Heroini lineages have three or even more \[[@CR60]\]. Therefore, we calibrated one analysis with *†Tremembichthys* at the base of Heroini to evaluate the impact of the alternative plausible placement of *†Tremembichthys*. Phylogenetic placement of all neotropical cichlid fossils was based on Kullander \[[@CR60]\] or on López-Fernandez et al. \[[@CR61]\]. However, recent molecular studies (\[[@CR54], [@CR62]\]) might differ slightly from these phylogenetic hypotheses.

The three included Pseudocrenilabrinae cichlid fossils are: †*Mahengechromis (*e.g. †*Mahengechromis plethos,* †*Mahengechromis rotundus), †Oreochromis lorenzoi* and †*Tugenchromis pickfordi*.

†*Mahengechromis* represents the oldest known cichlid fossil and was discovered in the ancient crater lake Mahenge which is part of the Singida kimberlite field on the Singida Plateau in Tanzania \[[@CR10], [@CR63]\]. The age of the Mahenge maar is estimated to 45.83 ± 0.17 Ma based on U/Pb isotope dating, and a maar lake mostly likely persisted for only 0.2--1.0 Ma \[[@CR64]\]. The presence of a single supraneural bone places †*Mahengechromis* in a lineage encompassing all Pseudocrenilabrinae except for *Heterochromis*, *Tylochromis* and *Etia* which have two supraneural bones. The phylogenetic position of †*Mahengechromis* has already been discussed in several studies and different positions have been suggested depending on which data sets and characters were used. It was either placed within the EAR, as a basal offshoot within Pseudocrenilabrinae or as a sister group to *Hemichromis* \[[@CR10], [@CR63], [@CR65]\]. A sister-group relationship of †*Mahengechromis* and *Hemichromis* was inferred to be most parsimonious based on an osteological character matrix including representatives of all cichlid subfamilies with a focus on the Pseudocrenilabrinae lineages (but missing several important lineages, e.g., pelmatochromines, pelmatolapiines tilapiines, steatocranines), which was mapped on a composite tree with predefined character evolution based on the knowledge of the time. However, when solely based on osteological characters, the relationship between †*Mahengechromis* and *Hemichromis* was not supported \[[@CR65]\]. As additional support for a relationship of †*Mahengechromis* and *Hemichromis* Murray \[[@CR65]\] stated that both exhibit a low number of total vertebrae (fewer than 26), however this is also the case in other African cichlid genera of the tribes, e.g., Etiini, chromidotilapiines and pelmatochromines \[[@CR66], [@CR67]\]. Therefore, we consider the exact phylogenetic placement of †*Mahengechromis* as unresolved, except that it represents an early branching member of Pseudocrenilabrinae. Therefore, we use the fossil age to restrict the maximum ages of the calibration points of †*Oreochromis lorenzoi* and †*Tugenchromis pickfordi* as these taxa undoubtedly represent more derived lineages within Pseudocrenilabrinae (see below).

†*Oreochromis lorenzoi* was described from the Gessoso-Solfifera Formation (Messinian) in Italy \[[@CR68]\]. The Messinian age is dated from 7.24--5.33 Ma based on astronomical chronology and ^40^Ar/^39^Ar dating while fossil bearing euxinic shale interstrata of lower evaporite cycles of the Gessoso-Solfifera formation are dated by magnetostratigraphy to 5.96 ± 0.2 Ma \[[@CR69]--[@CR71]\]. No comprehensive phylogenetic analysis is available for †*O. lorenzoi* but its current placement in the tribus Oreochromini is convincingly supported by characters characterizing *Sarotherodon* and *Oreochromis* \[[@CR68]\]. Unfortunately, diagnostic characters of several oreochromine genera are often not well preserved in fossils, and moreover, \[[@CR68]\] had not compared the fossil with additional genera placed today in Oreochromini, e.g. *Tristramella* and *Danakilia*, rendering the placement of †*O. lorenzoi* to some extent ambiguous \[[@CR35], [@CR72]\]. For a conservative approach we therefore decided to use †*O. lorenzoi* as calibration point for the crown age of Oreochromini and not for the genus *Oreochromis*, i.e. with a time range of 5.98--46 Ma based on the age lower of lower evaporite cycles of the Gessoso-Solfifera formation and the maximum age of †*Mahengechromis.*

†*Tugenchromis pickfordi* was recently described from the Waril site of the Ngorora fish Lagerstätte in the Central Kenya Rift Valley \[[@CR28]\]. Based on a particular horse (Equidae) tooth fragment of the paleosol above the lacustrine sediments and lithostratigraphy, the Ngorora fish Lagerstätte was assigned to the upper Miocene 9--10 Ma, \[[@CR73]--[@CR75]\]. †*T. pickfordi* can be safely assigned to the family Cichlidae based on several osteological and squamation patterns \[[@CR28]\]. Within the Pseudocrenilabrinae it is suggested to be an extinct lineage within the 'most ancient Tanganyika tribes' (sensu \[[@CR17]\]) based on the character state "lacrimal which bears six lateral line foramina"; this state is present only in six Lake Tanganyika tribes Bathybatini, Perissodini, Limnochromini, Ectodini, Lamprologini and Eretmodini. It most likely represents a stem lineage of the 'ancient Tanganyika mouth-brooders' (sensu \[[@CR17]\]) as it shares a mosaic-like character set of a tripartite lateral line (present only in two genera of Ectodini from the Lake Tanganyika *Xenotilapia* and *Grammatotria*), a lacrimal with six lateral line foramina, and the shape of the trapezeoid lacrimal and arrangement of tubules resembling strongly those of Limnochromini. Further, its meristics are similar Ectodini and Limnochromini. We therefore accept †*Tugenchromis pickfordi* as a potential precursor lineage of the 'ancient Tanganyika mouth-brooders' (sensu Weiss et al. \[[@CR17]\]) as this appears to be the most probable phylogenetic position of †*T. pickfordi;* and, alternatively, we use it as a calibration point encompassing the Lake Tanganyika C-lineage (sensu Clabaut et al. \[[@CR76]\]), which includes not only the 'ancient Tanganyika mouth-brooders', but also the 'Malagarasi-*Orthochromis'* and Haplochromini (alternative calibration: E1). Nevertheless, we applied two additional alternative calibrations to account for remaining uncertainties of the phylogenetic placement of this fossil. The first included in the C-lineage but also Eretmodini (= H-lineage sensu Nishida \[[@CR77]\]; alternative calibration: E2) as Eretmodini exhibit six lateral line foramina as †*Tugenchromis*. The second alternative position of †*Tugenchromis* is at the EAR-bases (alternative calibration: E3), thus accounting for the vague possibility that †*Tugenchromis pickfordi* might be an extinct lineage within the 'most ancient Tanganyika tribes', because of its plesiomorphic cycloid flank scales.

We further used one geological event for calibration, i. e. the geological origin of the Cameroonian crater lake Barombi Mbo. The lake harbors an endemic monophyletic radiation of eleven species which must have radiated in situ, and whose riverine founder species, *Sarotherodon galilaeus* is still extant \[[@CR78], [@CR79]\]. Based on K/Ar dating the Barombi Mbo maar was active around 1.05 ± 0.7 Ma \[[@CR80]\], suggesting a slightly younger age as the maximum age for the onset of the divergence of the cichlid radiation in the lake. In contrast to the complex tectonic history of the East African Great Lakes the volcanic history of the Barombi Mbo maar is far better understood. We therefore decided to include the formation of Barombi Mbo as a maximum age constraint for the MRCA of the strictly endemic Lake Barombi Mbo species flock.

As root calibrations we applied three alternative age-range priors and associated probabilities. One time-range (R1) was set very conservatively by allowing the age prior to range between 46 and 174.78 Ma, either with a lognormal prior (R1a) and or with a uniform probability (R1b). This range covers all possible probabilities for the first emergence of cichlids: the younger bound is based on the age of the oldest known cichlid fossil (46 Ma, †*Mahengechromis*) and the older bound on the oldest maximum age estimate for the family Cichlidae based on independent cichlid molecular clock results (95% HPD: 128.2--174.78 Ma; \[[@CR13]\]. The second time-range (R2) is taken from study of Matschiner et al. \[[@CR9]\], which is so far the most comprehensively evaluated age estimate for Cichlidae. Their estimate (95% HPD: 82.17--98.91 Ma) is based on a sequence dataset encompassing over 1000 teleost species, 40 mitochondrial and nuclear loci and a calibration with 147 teleost fossils, as well as a critical re-evaluation of previous publications.

To evaluate the effects of inclusion and alternative placement of calibration points, and moreover the impact of different prior distributions (lognormal vs. uniform) for the important root calibration divergence time estimates, we conducted seventeen different BEAST runs based on the mitochondrial dataset and with the following settings. Node calibrations were set to log-normal distributions except for the root calibration (R1b) which in one run was set to a uniform distribution (for more calibration prior details see Table [1](#Tab1){ref-type="table"}): calibration Set 1, Set 2, Set 5, Set 7 and Set 9 were root calibrated using the conservative calibration R1a (prior range of 46--174.78 Ma), while Set 3, Set 4, Set 6, Set 8, Set 10, Set 12, Set 13, Set 14 and Set 15 were calibrated with the root calibration R2 (prior range of 82.17--98.91 Ma). Set 1 and Set 3 were calibrated with †*Tugenchromis* placed on the node of the MCRA of the C-lineage and Eretmodini while Set 2 and Set 4 excluded the Eretmodini in the placement. Set 5 and Set 6 did not include †*Tugenchromis* as a calibration point. Set 9 and Set 10 were calibrated with †*Tugenchromis*, but this time at the base of the EAR*.* †*Oreochromis lorenzoi* was excluded as calibration point from Set 7 and Set 8. Sets 13, 14 and 15 were calibrated as Set 4 except that *†Tremembichthys* was excluded from Set 13 as calibration point, *†Gymnogeophagus eocenicus* as a calibration point from Set 14 and the age of the Barombi Mbo maar as calibration point from Set 15. Set 17 was calibrated as Set 4 except for *†Tremembichthys,* which was placed as a calibration point for the Heroini rather than Cichlasomatini. The calibration of Set 11 was identical to the calibration of Set 2 with the only exception being that the root was calibrated with a uniform distribution (R1b). Set 16 was calibrated as Set 4 but without root calibration. Several studies demonstrated that saturation can lead to the effect of compressing basal branches resulting in overestimated divergence dates of shallow nodes \[[@CR81]--[@CR83]\]. For the evaluation of this effect we designed an additional Set 12 identical to Set 4 but with the third codon position removed of the alignment. Finally, we calibrated the comparative nuclear dataset applying identical settings as the calibration Set 4 to investigate whether mitochondrial and nuclear DNA data calibrated and analysed with identical priors would yield comparable node age estimates. Although the taxon sampling of the comparative nuclear dataset is slightly reduced and not fully identical as comparted to the mitochondrial dataset it covered all major cichlid lineages, hereby enabling a meaningful comparison at least for some divergence time estimates of several key nodes.Table 1Overview of calibration prior detailsCichlid fossils and geological events used as calibration points:Parameter settings (Beast):Calibration pointFossil/eventEstimated ageCalibrated cladeOffsetStandard deviationMeanDistributionA1†*Tremembichthys*55.8--23.03 Ma (Tremembé formation)Cichlasomatini23.030.672.39Log normalA2†*Tremembichthys*55.8--23.03 Ma (Tremembé formation)Heroini23.030.672.39Log normalB†*Gymnogeophagus eocenicus*45.4--39.9 Ma (Lumbrera formation)*Mikrogeophagus ramirezi*, *Gymnogeophagus balzanii*, '*Geophagus*' *barsiliensis*39.90.82.4Log normalC†*Plesioheros chaulidus*45.4--39.9 Ma (Lumbrera formation)Heroini (except: of Pterophyllum and Hypselecara)39.90.82.4Log normalD†*Oreochromis lorenzoi*7.24--5.33 Ma (Gessoso-Solfifera formation)Oreochromini5.981.1481.8Log normalE1†*Tugenchromis pickfordi*9--10 Ma (Ngorora Formation)C-lineage (sensu Clabaut et al., 2005): 'ancient Tanganyika mouth-brooders', 'Malagarasi-*Orthochromis'*, *'Ctenochromis' pectoralis* and Haplochromini90.982Log normalE2†*Tugenchromis pickfordi*9--10 Ma (Ngorora Formation)H-lineage (sensu Nishida, 1991): 'ancient Tanganyika mouth-brooders', 'Malagarasi-*Orthochromis'*, *'Ctenochromis' pectoralis,* Haplochromini and Eretmodini90.982Log normalE3†*Tugenchromis pickfordi*9--10 Ma (Ngorora Formation)East African Radiation (EAR)90.982Log normalFOnset Lake Barombi Mbo1.12--0.98 MaBarombi Mbo species flock0.00.070.98 (real space)Log normal--†*Mahengeochromis*45.83 ± 0.17 (Singida kimberlite field)----------Root calibration R1aTime range:\
46--174.78 MaBased on:\
Age of †Mahengeochromis & the oldest maximum age estimate for the family Cichlidae (López-Fernández et al. 2013)460.443.99Log normal R1b46--174.78 Maas for R1a0Lower Bound: 46Upper bound: 174.78uniform R282.2--98.9 MaEstimated divergence age for the family Cichlidae by Matschiner et al. (2016)82.170.4552.07Log normalCombination of calibration points of the different calibration sets:Included calibration pointsIncluded calibration points:Included calibration points: Set 1A1, B, C, D, E2, F, R1aSet 7A1, B, C, E1, F, R1aSet 13B, C, D, E1, F, R2 Set 2A1, B, C, D, E1, F, R1aSet 8A1, B, C, E1, F, R2Set 14A1, C, D, E1, F, R2 Set 3A1, B, C, D, E2, F, R2Set 9A1, B, C, D, E3, F, R1aSet 15A1, B, C, D, E1, R2 Set 4A1, B, C, D, E1, F, R2Set 10A1, B, C, D, E3, F, R2Set 16A1, B, C, D, E1, F Set 5A1, B, C, D, F, R1aSet 11A1, B, C, D, E1, F, R1bSet 17A2, B, C, D, E1, F, R2 Set 6A1, B, C, D, F, R2Set 12 (third codon position stripped)A1, B, C, D, E1, F, R2Set 18 (Nuclear data)A, B, C, D, E1, F, R2Fossil taxa are indicated by †

Each BEAST run was performed three times independently (180 million generations per run) and sampling of parameters and trees was done every 15,000 generation. The three independent runs (for each alternative BEAST run configuration) were combined using LogCombiner after accounting for a burn-in of 15%. We used Tracer v1.6 \[[@CR84]\] for inspection of effective sample size (ESS) of all parameters of the different BEAST runs. All EES had acceptable values (\> 200) and appeared to converge to stationary distributions, indicating an acceptable sample size for the posterior distribution of parameters of individual analyses. Maximum clade credibility trees (posterior probability limit: 0.5, mean heights) were retrieved from the posterior tree distribution.

Results {#Sec7}
=======

The alternatively calibrated BEAST runs (Calibration Set 1--11 and Sets 13--17) yielded maximum-clade credibility (MCC) trees which were largely identical to the topology of the ML tree. The few inconsistencies include (a) the position of 'Lower Congo *Lamprologus* clade', which is placed as a sister group to all remaining Lamprologini in the Bayesian MCC trees but as a sister group to the 'non-ossified Lamprologini' in the ML tree; and (b) the position of Cyphotilapiini which are either a sister group to Limnochromini, or in the ML tree, or a sister group to the clade encompassing Limnochromini and all remaining members of the EAR (see Fig. [1](#Fig1){ref-type="fig"} and Fig. [2](#Fig2){ref-type="fig"}). The topology of the maximum-clade credibility (MCC) tree based on the BEAST runs of calibration Set 12 (third codon positions removed) is compatible with those of the ML tree and the MCC trees of the other calibrations sets but show several inconsistencies within the Pseudocrenilabrinae. For example, the Steatocranini are placed as the sistergroup to the EAR in the ML tree and other MCC trees (Sets 1--11 and Sets 13--17) but they are placed as the sister group to a clade comprising Oreochromini, Pelmatolapiini and Tilapiini (*T. ruweti and T. sparrmanii*) in the MMC tree of Set 12. Both *T. ruweti, T. sparrmanii* and *C. crassa* form the sister group to a clade consisting off the EAR and Steatocranini in the ML and all other MCC trees (Set 1--11 and Sets 13--17). The Malagarasi-*Orthochromis* are placed as sistergroup to the Haplochromini in the MCC trees (Set 1--11 and Sets 13--17) and the ML tree but are sistergroup to a clade consisting of Perissodini, Cyprichromini, Benthochromini and Limnochromini in the MMC tree of Set 12. Moreover, the placement of *H. vanheusdeni* and '*Orthochromis*' *indermauri* differed from the ML tree and the other MCC trees (Set- 1 -- 11 and Sets 13--17). However, all of these alternative placements in the MMC tree (Set 12) are only weakly supported.Fig. 1ML-phylogeny (RAxML) based on ten protein coding mitochondrial genes (ND1, ND2, COX1, COX2, ATP8, ATP6, COX3, ND3, ND4L, ND4) of 180 cichlid taxa representing all cichlid subfamilies. Focus of the taxon sampling was put on members of the East African cichlid Radiation represented by 115 taxa. Numbers at nodes refer to bootstrap-values while black dots represent bootstrap support of 100. Specimens depicted from top to bottom (photographersin brackets): *M. auratus* (E. Schraml), *H. callipterus (U.K. Schliewen), N. linni* (E. Schraml)*, H. nyererei* (E. Schraml)*, T. moorii* (Z. Musilová), *H. vanheusdeni* (J. Geck), *O. luongoensis* (F.D.B. Schedel), New Lufubu Cichlid (F.D.B. Schedel), '*O.*' *indermauri* (F.D.B. Schedel), '*O.*' *stormsi* (J. Geck), *O. uvinzae* (J. Geck), *C. furcifer* (Z. Musilová), *H. microlepis* (Z. Musilová), *G. bellcrossi* (E. Schraml), *L. symoensi* (E. Vreven), *V. moorii* (F.D.B. Schedel), *L. teugelsi* (F.D.B. Schedel), *H. stenosoma* (F.D.B. Schedel), *T. macrostoma* (F.D.B. Schedel), *S. glaber* (F.D.B. Schedel), *T. ruweti* (F.D.B. Schedel), *P. maclareni* (J. Geck), *C. zillii* (J. Geck), *N. consortus* (F.D.B. Schedel), *T. polylepis* (F.D.B. Schedel), *A. pulcher* (Z. Musilová), *N. anomala* (Z. Musilová), *G. steindachneri* (Z. Musilová), *P. maculatus* (F.D.B. Schedel)Fig. 2Time-calibrated phylogeny (BEAST, relaxed normal molecular clock) of 180 cichlid taxa based on ten protein coding mitochondrial genes and on the calibration Set 4 (see Table [1](#Tab1){ref-type="table"}). Time constrained nodes (black circles) were calibrated using fossils, i.e. A: †*Tremembichthys,* B: *†Gymnogeophagus eocenicus*, C: *†Plesioheros chaulidus*, D: *†Oreochromis lorenzoi,* E: *†Tugenchromis pickfordi*), one geological event (F: age of Lake Barombi Mbo maare) or as in the case of the root using secondary constraint (divergence time estimate for the age of the MRCA of cichlids taken from Matschiner et al. \[[@CR9]\]; 82.17--98.91 Ma). Node bars indicate 95% HPD intervals of divergence events and are coloured according to their Bayesian Posterior Probability (blue: BPP 1.0; violet: BPP 0.99--0.95; green: BPP 0.94--0.8; orange: BPP 0.79--0.5, node bars with BPP \< 0.5 are not depicted). Numbers next to the nodes correspond to the numbers in the Additional file [4](#MOESM4){ref-type="media"}: Table S2

The topology of the MCC tree based on the nuclear dataset resembled those of the mitochondrial dataset to some extent except for several topological differences within the Pseudocrenilabrinae and Cichlinae. Within the Cichlinae, for example, *Astrontus ocellatus* and *Chaetobranchiopsis orbicularis* were resolved as sister taxa to Geophagini instead of forming the sister group to Cichlasomatini and Heroini. There were comparatively minor topological differences of the taxa within Cichlasomatini and Heroini, e.g. the placement of *Krobia* within the Cichlasomatini, and the placement of *Rocio*, *Uaru* and *Symphysodon* within Heroini. Major topological differences within Pseudocrenilabrinae were: '*Tilapia*' *brevimanus* formed a clade together with *Pelmatolapia mariae* which was resolved as a sister clade to the EAR; Steatocranini and Tilapiini were resolved as sister taxa; and within the EAR differences arose for the placement of several tribes endemic to Lake Tanganyika (e.g. *Boulengerochromis* and Bathybatini incl. Hemibatini formed a monophyletic clade; the monophyly of the benthopelagic LT clade (see below) was not recovered; a clade composed of Eretmodini, Ectodini and Lamprologini was resolved as the sister group to Haplochromini; Tropheini and *Serranochromis macrocephalus* were resolved as sister taxa). In general, nodes of the topology based on the nuclear dataset were weakly supported as compared to the mitochondrial based topology.

The divergence time estimates based on the different calibration sets of the full mitochondrial alignment differed only slightly from each other. Divergence ages based on the Calibration Set 1, Set 2, Set 5, Set 7, Set 9 and Set 11 (with the root age range of 46--174.78 Ma) were only slightly older and had a wider 95% HPD interval than those based on the calibration Set 3, Set 4, Set 8, Set 10, Set 13, Set 14 and Set 15 (root age range of 82.17--98.91 Ma). Application of a log-normal distributed prior for the root (Set 2) or a uniform distribution of the root (Set 11) had only marginal impact on node ages, which were only slightly older for Set 11. If no root calibration was applied (Set 16), divergence ages were slightly older than those of Set 4 but their 95% HPD intervals still widely overlapped, even so they were generally wider than those of calibration Set 4. On the other hand, divergence ages of our non-rooted calibration set were younger than those of Set 2 but again 95% HPD intervals of both sets overlapped to some extent.

Three alternative placements of the fossil †*Tugenchromis*, i.e. either including the C-lineage and Eretmodini (Set 1 and Set 3) or excluding Eretmodini (Set 2 and Set 4) or alternatively at the base of the EAR (Set 9 and Set 10), had marginal impact on divergence age estimates, too. Divergence ages based on calibration sets without †*Tugenchromis* (Set 5 and Set 6) usually yielded slightly older ages than calibrations sets including †*Tugenchromis*. Likewise, divergence ages obtained by calibration sets excluding †*Oreochromis lorenzoi* (Set 7 and Set 8) were slightly older than divergence ages based on comparable calibration sets including the fossil (Set 2 and Set 4). The same was true for the calibration Set 13 excluding the neotropical cichlid fossil *†Tremembichthys,* which yielded only slightly older divergence ages in comparison to calibration Set 4. If *†Tremembichthys* was placed at the base of Heroini instead of Cichlasomatini (Set 17) divergence ages were revealed to be only slightly older than those of calibration Set 4. Divergence ages of the calibration set excluding the age of the Barombi Mbo maar (Set 15) as a calibration point were in general slightly older than those of the calibration Set 4, but confidence intervals overlapped widely. The exclusion of *†Gymnogeophagus eocenicus* (Set 14) as a calibration point resulted in marginally younger divergence age estimates in comparison to those of calibration Set 4.

The small impact on divergence age estimates of both taxa might be explained by the fact that we applied six additional calibration points, including one root calibration point. Root calibration points are affecting time estimates more than shallow ones and estimates become more consistent when multiple calibration points are applied \[[@CR85], [@CR86]\].

The divergence times of deep nodes (e.g., the root of Cichlidae; split of Pseudocrenilabrinae and Cichlinae; crown age of Pseudocrenilabrinae; crown age of Cichlinae) of the calibration Set 12 (mitochondrial alignment with third codon positions removed) were comparatively younger than those of the corresponding Set 4 (third positions included) but nevertheless widely overlapped with their 95% HPD intervals (see Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). These younger estimates for comparatively old nodes in Calibration Set 12 contrasted with comparatively older divergence time estimates of shallower nodes (i.e., EAR, Tanganyika tribes, haplochromine lineages) in the same analysis. Further, divergence ages of Set 12 had wider 95% HPD ranges, especially those of more recent splits (e.g., Lake Malawi species flock divergence). In summary, we could not detect severe effects of basal branch compressions by including the partially saturated third codon position in our analyses but rather found even younger age estimates for shallow nodes when doing so. Therefore, we conclude that despite partial saturation of third codon positions, their exclusion had no drastic impact on node age estimates but actually removed informative data, which were particularly relevant for resolution of shallower nodes. Divergence time estimates based on the comparative nuclear dataset with calibrations as for Set 4 had wider 95% HPD ranges and were generally older than corresponding estimates of the mitochondrial data set with calibration Set 4 (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). However, 95% HPD intervals overlapped widely, sometimes even completely, as e.g. for the MRCA of the EAR. In summary, divergence estimates based on the nuclear dataset did not contradict the results of the mitochondrial datasets. Furthermore, these findings suggest that the use of only nuclear versus mitochondrial data alone is not entirely responsible for older divergence estimates observed on previous studies using mitochondrial data only.Fig. 3Overview of divergence age estimates from this study. Calibration Sets based on the mitochondrial dataset (Set 2, Set 4, Set 12, Set 13, Set 14 and Set 15) are depicted in green. Calibration Set 18 based on the nuclear dataset is depicted in blue and several previous studies for selected cichlid groups (Cichlinae and Pseudocrenilabrinae, austrotilapiines and the East African Radiation) are depicted in orange. Depicted are either 95% HPD (highest posterior intervals), 95% credibility intervals, 95% confidence intervals or standard deviations depending on the source study. Mean ages are indicated by middle bar of each intervalFig. 4Overview of divergence age estimates from this study. Calibration-Sets based on the mitochondrial dataset (Set 2, Set 4, Set 12, Set 13, Set 14 and Set 15) are depicted in green. Calibration Set 18 based on the nuclear dataset is depicted in blue and several previous studies for selected cichlid groups (*Bathybates*, Ectodini, Tropheini and the Malawi radiation) are depicted in orange. Depicted are either 95% HPD (highest posterior intervals), 95% credibility intervals, 95% confidence intervals or standard deviations depending on the source study. Mean ages are indicated by middle bar of each interval

A comprehensive list of mean divergence ages and their corresponding 95% HPD age ranges of selected nodes is given in the Additional file [4](#MOESM4){ref-type="media"}: Table S2. Here, we focus on age estimates obtained by the Calibration Set 4 because alternative estimates were highly similar and because Set 4 represents in our view the most likely setting, as the root calibration was constrained based on the most comprehensive data set \[[@CR9]\], and it accounted for the more likely placement of †*Tugenchromis* \[[@CR28]\]. We may want to point out that our age estimates are mitochondrial haplotype divergence ages, which do not fully reflect speciation events, but rather are a first solid hint to minimum divergence ages. Moreover, comparatively young divergence age estimations (especially those younger than 1 Ma) might be inaccurate and most probably overestimate the actual diversification ages due to several reasons: For instance divergence time estimations are influenced by to the time-dependence nature of molecular rates which are reflected by the fact that there is a measurable transition from low, long-term substitution rates to increased, short-term mutation rates, most likely as a result from multiple factors (e.g., purifying selection, ancestral polymorphism) but also due to sequencing errors and calibration errors that can account for time-depended molecular rates \[[@CR5], [@CR87], [@CR88]\].

Mitochondrial phylogeny and divergence time estimates of selected lineages {#Sec8}
--------------------------------------------------------------------------

The ML-analysis (Fig. [1](#Fig1){ref-type="fig"}) and all BEAST-analyses recovered the monophyly of all recognized cichlid subfamilies, and additional major lineages and general relationships are consistent with most previously published studies (e.g. \[[@CR5], [@CR7]--[@CR9]\]). The Etroplinae outgroup (Madagascar, southern India and Sri Lanka) formed the sister group to all other Cichlidae, and Ptychochrominae (Madagascar) were recovered as a sister group to a weakly supported clade of African Pseudocrenilabrinae + Neotropical Cichlinae (BS: 64). Mean divergence age (calibration Set 4) of the MRCA of African Pseudocrenilabrinae and Neotropical Cichlinae were estimated to be of Late Cretaceous age: 84.37 Ma (95% HPD: 75.71--93.25 Ma). Monophyly of Cichlinae was well supported (BS: 100) and the MRCA divergence age estimate is dated to 73.93 (95% HPD: 66.27--82.33 Ma). Internal relationships of tribes and lineages of Cichlinae were widely congruent with previous studies except for the poorly supported monophylum of Chaetobranchini and Astronotini (BS: 32), which was recovered as a sister group of the Cichlasomatini + Heroini monophylum. Similarly, monophyly of Pseudocrenilabrinae was well supported (BS: 100), but the divergence age of Pseudocrenilabrinae MRCA in our dataset was dated younger than that of Cichlinae, i.e. 60.79 Ma (95% HPD: 50.87--71.10 Ma). However, the estimate would have been substantially older if *Heterochromis,* which is the early branching sister group to all remaining Pseudocrenilabrinae, had been included (eg. \[[@CR7], [@CR8]\]). Thus, MRCA age estimates for two cichlid subfamilies Pseudocrenilabrinae and Cichlinae are largely compatible with several previous studies, e.g. \[[@CR5]\] (based on Gondwanan landmass fragmentation), \[[@CR6]\] (2008; based on 21 teleost fossils of different lineages) and \[[@CR9]\] (based on 147 fossil clade age calibration points).

Intrarelationships of major African cichlid tribes (tylochromines, chromidotilapiines, hemichromines pelmatochromines) were only poorly supported as it was the case in previous studies (e.g. \[[@CR5], [@CR35], [@CR89]\]. Monophyly of haplotilapiines (sensu \[[@CR67]\]) was, however, well supported (BS: 100) with an estimated Eocene divergence age of 45.38 Ma (95% HPD: 37.98--54.49 Ma). Within haplotilapiines, Oreochromini (BS: 88) and austrotilapiines (BS: 38) were recovered as sister groups for the first time based on mitochondrial data alone, albeit with very weak support (BS: 41). Monophyly of boreotilapiines was not recovered in our analysis. Divergence age of the MRCA of Oreochromini was dated to 22.95 (95% HPD: 17.27--29.11 Ma) and of austrotilapiines to 31.98 Ma (95% HPD: 27.17--36.92 Ma). Within austrotilapiines, Steatocranini were resolved as a sister group to the EAR with relatively high support (BS: 94) and the divergence age of the MRCA was estimated to 30.62 Ma (95% HPD: 26.59--35.40 Ma).

Monophyly of the EAR was well supported (BS: 100) and the onset of divergence for this lineage was estimated to be of Late Eocene/Early Oligocene age: 28.71 Ma (95% HPD: 24.43--33.15 Ma). Boulengerochromini were recovered as the earliest diverging EAR lineage followed by a strongly supported clade (BS: 100) of Bathybatini + Trematocarini. This is congruent with two previous mtDNA studies (e.g. Day et al. 2008), but contrasts with other mtDNA studies which retrieved Boulengerochromini, Bathybatini and Trematocarini as the sistergroup to the remaining lineages of the EAR (e.g. \[[@CR36], [@CR90], [@CR91]\]. Trematocarini were estimated to have diverged 16.13 Ma ago (95% HPD: 11.89--20.46 Ma) while Bathybatini started diverging 20.62 Ma (95% HPD: 16.88--25.34 Ma). In contrast with previous studies, which found Lamprologini and Eretmodini to form a sister group to the remaining members of EAR (e.g. \[[@CR14], [@CR17], [@CR36], [@CR76]\] Lamprologini were resolved as the sister group to the H-lineage (C-lineage including the Eretmodini) in our analyses. Divergence of the MRCA of Lamprologini and the H-lineage was well supported (BS 100) and estimated to 23.6 Ma (95% HPD: 20.18--27.33 Ma).

According to our data, Lamprologini diverge into three strongly supported (BS: 100) lineages during the Miocene at around 15.27 Ma (95% HPD: 12.23--18.49 Ma). The first clade was composed of the 'non-ossified Lamprologines' with taxa mainly endemic to LT but included some riverine taxa of disjunct distributions in the Congo Basin, e.g. *L. werneri* and *L. symoensi*. This clade diverged at around 12.51 Ma (95% HPD: 9.75--15.51). The second Lamprologini clade was composed of the LT endemics belonging to the 'ossified Lamprologines' and diverged at around 10.66 Ma (95% HPD: 7.39--13.97 Ma). Surprisingly and for the first time a mtDNA clade encompassing only *Lamprologus* of the lower and central Congo drainage (*L. mocquardi*, *L. markerti*, *L. tigripictilis*, *L. lethops*, *L. teugelsi* and *L.* sp. Kwango) was recovered; we refer to it as the 'Lower Congo *Lamprologus* clade', because most members of this clade are only known form the Lower Congo area. Its divergence was dated substantially younger than the other two clades, i.e. to Late Miocene or early Pliocene at around 6.62 Ma (95% HPD: 4.31--9.49 Ma). Interrelationships of the three lamprologine clades were poorly supported.

Monophyly support for each of the ancient Tanganyika mouthbrooder tribes (Cyphotilapiini, Limnochromini, Ectodini, Perissodini, Benthochromini and Cyprichromini) was strong (BS: 100). For the first time a clade composed mostly three pelagic or epibenthic clades Perissodini, Cyprichromini and Benthochromini was recovered with strong support (BS 100), based on mitochondrial markers,. We refer to this clade as the "benthopelagic LT clade". It was only weakly supported in previous mtDNA based studies \[[@CR36], [@CR92]\], but is well supported by nuclear DNA data and more recently by AFLP and RAD based studies \[[@CR7], [@CR17], [@CR93]\]. Divergence of the MRCA of the benthopelagic LT clade was dated to the Middle to Early Miocene age: 16.14 Ma (95% HPD: 12.83--19.54 Ma). Divergence of Perissodini took place at around 6.18 Ma (95% HPD: 3.16--9.59 Ma), of Cyprichromini at around 10.38 Ma (95% HPD: 6.20--14.53 Ma) and of Limnochromini at around 10.71 Ma (95% HPD: 5.20--16.30 Ma). Further, monophyly of Eretmodini were recovered with strong support (BS 100) and their divergence age is 7.60 Ma (95% HPD: 3.92--11.99 Ma) which was comparable with those of Perissodini. In contrast, Ectodini and Cyphotilapini diverged slightly earlier with mean ages of 14.06 Ma (95% HPD: 11.18--17.70 Ma) and 14.16 Ma (95% HPD: 8.71--19.25 Ma), respectively.

The Malagarasi-*Orthochromis* are recovered as the sister group of Haplochromini with moderate support (BS 71), which contrasts with the placement of Malagarasi-*Orthochromis* of previous mtDNA based studies, which recovered for example a relationship of Malagarasi-*Orthochromis* and Ectodini (e.g. \[[@CR15], [@CR76]\]). Several nuclear DNA based studies however recovered the Malagarasi-*Orthochromis* as a sister group of the Haplochromini as is the case in this study (e.g. \[[@CR17], [@CR76]\]). Monophyly of Haplochromini was highly supported (BS 100) and the onset of diversification of Haplochromini was dated to Early Miocene: 16.64 Ma (95% HPD: 14.25--19.16 Ma). '*Ctenochromis*' *pectoralis* from the Pangani River drainage (Tanzania, Kenya) was placed as a sister group to all remaining Haplochromini with high support (BS 100), hereby confirming previous studies which however only found poor support for this node (\[[@CR15], [@CR26], [@CR94]\].

Intrarelationships and monophyly of previously recognized haplochromine mtDNA lineages (e.g serranochromines-mt-lineage s.l.; *'Pseudocrenilabrus-*group' incl. Northern-Zambian-*Orthochromis*, 'New Kalungwishi cichlid', 'New Lufubu cichlid'; *Astatoreochromis*, LT Tropheini; Lake Malawi species flock and 'modern Haplochromini' incl. Lake Victoria Region Superflock and riverine east and central African haplotypes) were in large part congruent with previous mtDNA based studies (e.g. \[[@CR15], [@CR37], [@CR39]\]. The serranochromines-mtDNA-lineage sensu *lato*, i.e. the southern-central African lineage including the Lake Fwa cichlids and '*O*.' *stormsi* (mean age: 13.41 Ma; 95% HPD: 11.18--15.85 Ma) are estimated to be slightly older than all remaining major lineages, i.e. the *'Pseudocrenilabrus-*group' (mean age: 11.82 Ma; 95% HPD: 9.63--14.18 Ma), Tropheini (mean age: 8.69; 95% HPD: 6.77--10.70 Ma), 'modern Haplochromini' (mean age: 9.42 Ma; 7.72--11.23 Ma) and Lake Malawi species flock (mean age: 4.07 Ma; 2.93--5.26 Ma). The well supported (BS 99) clade encompassing the serrranochromines-mtDNA-lineage *s. str.* (following Joyce et al. \[[@CR95]\] and Musilová et al. \[[@CR39]\]) represented in our study by *Serranochromis robustus*, *S. altus*, *Pharyngochromis sp*. and the undescribed taxon *'Haplochromis'* sp. Kwango are of Pliocene to Early Late Miocene age: 5.46 Ma (95% HPD: 3.79--7.24 Ma). The Lake Victoria Region Superflock (LVRS, following Verheyen et al. \[[@CR96]\] and was recovered with strong support (BS: 100) and its divergence started in the Pleistocene age: 0.31 Ma (95% HPD: 0.12--0.53 Ma). In addition to these lineages, two novel mitochondrial haplotype lineages within Haplochromini were recovered here for the first time. '*Orthochromis*' *indermauri* was recovered as the sister lineage of a clade encompassing the *'Pseudocrenilabrus-*group' and the 'ocellated eggspot Haplochromini' (BS: 85). It is endemic to rapids on the lower Lufubu, the largest affluent of the southern Lake Tanganyika basin (\[[@CR97]\]). Divergence of '*Orthochromis*' *indermauri* and remaining Haplochromini was dated to around 15.15 Ma (95% HPD: 12.91--17.46 Ma). The second novel lineage was '*Haplochromis' vanheusdeni* from the Great Ruaha drainage system, which was recovered with strong support (BS: 96) as sister taxon to all LT endemic Tropheini, a subgroup of Haplochromini. Divergence of this East African coastal drainage species and LT Tropheini was estimated to have taken place in the Miocene at around 10.51 Ma (95% HPD: 8.47--12.61 Ma).

Even so a large fraction of the nodes of the ML tree was well supported (BS: 100), it is worth mentioning that several nodes were comparatively weakly supported (Fig. [1](#Fig1){ref-type="fig"}). Most of the latter referred to early diversification events within Pseudocrenilabrinae and Cichlinae, or they are located among rapidly diversifying EAR clades, e.g. among early diverging EAR-tribes or among haplochromine cichlids. In contrast, different BEAST analyses resolved many more nodes with high support supported (BBP = 1) and consequently comparatively fewer nodes had low support (see e.g. Figure [2](#Fig2){ref-type="fig"}). This contrast might have several reasons. Generally, Bayesian analyses tend to yield on average higher node support than ML analyses and therefore might be overoptimistic (\[[@CR98], [@CR99]\]). Moreover, in the addition to the different calibration points we predefined five monophyla based on the ML analysis in our BEAST analyses, which may have strengthened BPPs for nodes related to these phylogenetic constraints.

Discussion {#Sec9}
==========

The present study represents a comparatively comprehensive and robust data set in terms of number of mitochondrial markers (10 coding genes) and taxa (180 species of Cichlidae), with a novel calibration set including the recently described fossil species (†*Tugenchromis*; \[[@CR28]\]). We recovered novel mitochondrial haplotype phylogenies based on the improved taxon sampling, which in combination with novel and re-evaluated node age estimates allow for a refined phylogeographic view on the origin and diversification of Cichlidae, especially those of the EAR.

Divergence age estimates in comparison of previous studies {#Sec10}
----------------------------------------------------------

Overall, our attempts to date the evolutionary history of cichlids based on the conservative selection of five well-corroborated fossils, one geological and two alternative root calibrations yielded robust divergence age estimates. These are congruent with several preceding studies while other studies resulted in partially different divergence age estimates. These discrepancies can be partially attributed to different calibration priors. By integrating extreme age estimates from previous studies into our alternative root age calibration strategy, we endevaored to evaluate these results with the background of our conservative internal node calibration strategy.

Divergence age estimates for two cichlid subfamilies Pseudocrenilabrinae and Cichlinae of this study are largely compatible with several previous studies (e.g. \[[@CR5], [@CR6], [@CR9]\]). In contrast, they are in more or less dramatic conflict with other studies (Fig. [3](#Fig3){ref-type="fig"}), substantially with those López-Fernandez et al. \[[@CR13]\], Friedman et al. \[[@CR7]\], less dramatic with studies by McMahan et al. \[[@CR8], [@CR100]\] and Irisarri \[[@CR101]\], and partially with some partial results presented by Genner et al. \[[@CR5]\] and Day et al. \[[@CR14]\].

López-Fernandez et al. \[[@CR13]\] had estimated much older divergence age for Cichlidae (mean: 147 Ma, 95% HPD: 124.49--171.05 Ma), but their age estimates were recently challenged as they predate the oldest first spiny-rayed teleost (Acanthomorpha) and because multiple taxon concatenations in their alignment appeared to be composed of sequences from different taxa \[[@CR52], [@CR102]\]. At the other extreme, Friedman et al. \[[@CR7]\] estimated a much younger divergence age for the MRCA of Pseudocrenilabrinae and Cichlinae (mean: 46.4 Ma, 95% HPD: 40.9--54.9 Ma). They had used ten non-cichlid fossils for calibration and no cichlid fossil. Again, such young divergence ages were questioned later \[[@CR52]\] because they strongly contradicted the fossil record. The oldest Lumbrera formation cichlid fossils are at least 39.9 Ma old, which is considerably older than Friedman et al.´s (2013) divergence age estimate for Cichlinae (=Neotropical cichlidae) with a mean age of 29.2 Ma (95% CI: 25.5--34.8 Ma). Finally, application of one of the two calibration sets of Genner et al. (2007) using seven cichlid fossils resulted in substantially younger node age estimates than ours and also partially conflicts with the fossil record. Their age estimate for divergence of Pseudocrenilabrinae (33.6 Ma, 95% HPD: 33.2--33.9 Ma) substantially postdated the oldest known African cichlid fossil by about 12 million years (†*Mahengechromis* -- 46 Ma); and the age of the MRCA of Cichlasomatini was younger (14.2 Ma; 95% HPD: 7.6--21.1 Ma) than the oldest known fossil for this tribe, i.e. †*Tremembichthys,* 55.8--23.03 Ma, although the placement of †*Tremembichthys* as a member of Cichlasomatini might be considered as problematic due to its high "Heroine-like" number of pterygiophores articulated with the first haemal arch. Such young age estimates are most likely the result of calibration with fossils which are not the oldest fossils of their respective lineage (e.g. †*Aequidens saltensis* from Argentina with an estimated age of 5.33--23.03 Ma has been used as a calibration for the entire tribe Cichlasomatini), whose priors were calibrated with hard upper and lower bounds. Moreover, following Malabarba et al. \[[@CR103]\] they placed †*Proterocara argentina* from the Lumbrera formation as the earliest member of a clade uniting Geophagini, Cichlasomatini and Chaetobranchini; later however, Smith et al. \[[@CR104]\]) revised †*Proterocara argentina* to be related with *Crenicichla* and *Teleocichla*. In addition, the use of further fossils with very uncertain phylogenetic placements like ? *Tylochromis* \[[@CR105]\] and ? *Heterochromis* \[[@CR106]\] as a calibration points in the analyses of Genner et al. \[[@CR5]\] might have led to these young divergence age estimates obtained in their study. A more recent study by Meyer et al. \[[@CR100]\] was based on two different divergence estimation methods and two secondary constraints taken from results of McMahan et al. \[[@CR8]\]. Divergence ages obtained by McMahan et al. \[[@CR8]\] are, based on calibrations with four cichlid fossils and one early acanthomorph fossil, in large parts compatible to our divergence estimates in the range of the 95% confidence intervals; their mean age estimates are, however, consistently younger than ours. One possible explanation for the younger estimates of McMahan et al. \[[@CR8]\], and consequently that of Meyer et al. \[[@CR100]\], is a that they placed two neotropical fossils †*Plesioheros* and †*Tremembichthys* at the basis of a clade consisting of the Heroini and Cichlasomatini, which is different from our placement accepting †*Plesioheros* as Heroini and †*Tremembichthys* as Cichlasomatini. Finally, the only study using the recently described fossil †*Tugenchromis pickfordi* as a calibration point obtained for basal divergence events, e.g. the divergence of Pseudocrenilabirinae and Cichlinae, older estimates but for more recent events substantially younger estimates as compared to ours (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}) \[[@CR101]\]. This study was based on an anchored loci approach with 533 nuclear loci for a total of 149 taxa. Due to their massive dataset, the usage of the software BEAST \[[@CR48]\] for inference of divergence time estimates was not possible and therefore the non-Bayesian method RelTime \[[@CR107]\] was used (\[[@CR101]\]). The discrepancies in the divergence time estimations between this and our study might be partially attributable to the use of different analytical approaches as implemented in the different software packages, since RelTime divergence time estimates for comparatively old nodes appear to be inferred with a strict clock model, which was subsequently contradicted by a recent study of the software developers \[[@CR29], [@CR108], [@CR109]\]. Apart from this disputable feature of RelTime, it is worth mentioning that RelTime only allows for hard boundaries for age constraints, and those were applied in the study of Irisarri et al. \[[@CR101]\] partially for fossils with disputable phylogenetic placement, i.e. †*Tylochromis* (see discussion of this fossil in Additional file [3](#MOESM3){ref-type="media"}), or with conservative maximum age boundaries secondarily taken from the Gondwana-set of the study of Genner et al. \[[@CR5]\]. Therefore, it would be interesting if a Bayesian analysis with a reduced dataset with a comparable calibration scheme, as suggested by Matschiner \[[@CR29]\], would yield comparable results to ours.

In contrast to the aforementioned conflicts with previous studies, our divergence age estimates, especially those for the age, origin and diversification of the EAR, are compatible with results from other studies, i.e. the Gondwana breakup calibration inference of Genner et al. \[[@CR5]\] and Day et al. \[[@CR14]\] Day et al. (2008) and the fossil based inference of Schwarzer et al. \[[@CR35]\]. In the light of the recently published findings and overlooked calibration problems, conflicts of our age estimates with previous studies appear explainable. Since our study conservatively incorporates carefully selected calibration points, includes for the recently described EAR fossil (†*Tugenchromis)*, and carefully accounts for remaining uncertainties by evaluating alternative placements of critical fossils in molecular clock analyses, we provide an improved framework for the discussion of the phylogeographic history of the exact cichlid diversity, in particular the one of East African cichlids of Lake Tanganyika.

Divergence age estimates of Pseudocrenilabrinae and Cichlinae favor a short-distance dispersal scenario across the emerging proto-Atlantic {#Sec11}
------------------------------------------------------------------------------------------------------------------------------------------

The recent geographic distribution of the two reciprocally monophyletic cichlid subfamilies Cichlinae (Americas) and Pseudocrenilabrinae (Africa) is a matter of the long-standing debate. Such a pattern can be interpreted as a result of either the Gondwana breakup ("Vicariance Hypothesis"), or, alternatively, by a trans-Atlantic dispersal event ("Marine Dispersal Hypothesis") if the radiation of extant Cichlinae and Pseudocrenilabrinae took place after the fragmentation of Gondwana. \[[@CR5]--[@CR8], [@CR11], [@CR12], [@CR29], [@CR110]\]. Unfortunately, evaluation of these alternative hypotheses has been and still remains difficult. This is due to the different geological age estimates for the final separation of South America and Africa, which according to recent estimates took place at around 103 Ma at the Ghanaian Ridge and the Piauí-Ceará margin \[[@CR111]\]. Genner et al. \[[@CR5]\], for example, calibrated the South America and Africa separation with a range of 86 to 101 Ma whereas Azuma et al. \[[@CR6]\] calibrated the same event with 100 to 120 Ma. The most comprehensive previous study dates the separation of Cichlinae and Pseudocrenilabrinae to 81.8 Ma (95% HDP: 89.4--74.0 Ma), i.e. a few million years thereafter \[[@CR9]\]). The latest comprehensive review on this discussion argues that the divergence of Pseudocrenilabrinae and Cichlinae occurred probably around 60 to 75 Mya after evaluating potential sources creating observed differences in divergence time estimation studies \[[@CR29]\].

Our divergence age estimates for the split of Neotropical and African cichlids (84.37 Ma (95% HPD: 75.71--93.25 Ma) tentatively support the "Marine Dispersal Hypothesis", which is in accordance with Vences, Friedman et al. \[[@CR7]\], and Matschiner \[[@CR29]\], as well as with, importantly, one of the most comprehensive teleost-scale study \[[@CR9]\]. Nevertheless, our age estimates are older than the estimate of 65 to 75 Ma for the recently suggested trans-Atlantic dispersal event of cichlids \[[@CR29]\]. If the log-normal or uniform root prior including the extremely old age ranges for the cichlid origin (prior range of 46.0--174.78 Ma) are taken into account, the combined minimum and maximum 95% HPD ranges of all our estimated scenarios is 75.61 and 107.83 Ma, i.e. it slightly overlaps with the period of the final separation of the two continents (103 Ma), but the mean ages (84.38 to 91.94 Ma) clearly postdate the split event. Nevertheless, it is important to stress here that the nascent southern Atlantic was only a few hundred kilometers wide around that time of the continent split \[[@CR111]\], such that freshwater plumes of several large rivers (e.g. the proto-Congo or proto-Niger River) most likely extended far offshore into the narrow oceanic gap \[[@CR112]\], and that multiple island clusters existed there along the Rio Grande Rise and the Walvis Ridge until approx. 30 Ma ago \[[@CR113], [@CR114]\]). In combination, these factors imply an island-hopping scenario of euryhaline cichlids over comparatively short distances rather than a long-distance marine dispersal. This inference is supported by the fact that not a single oceanic cichlid species is known today. In contrast, quite a few members of several distantly related cichlid lineages are inshore brackish water species \[[@CR63], [@CR115], [@CR116]\] or are known from hypersaline inland habitats \[[@CR72], [@CR117]\]. Further, Matschiner \[[@CR29]\] argues that even longer distances (650--900 km) might have been possible to cross. Alternatively, a vicariant origin of Cichlinae and Pseudocrenilabrinae cannot be falsified completely, if the 95% HPD intervals are taken into account.

Divergence of the Lake Tanganyika tribes supports the "melting-pot Tanganyika" hypothesis {#Sec12}
-----------------------------------------------------------------------------------------

Considering our age estimates for the Lake Tanganyika (LT) cichlid tribes and all estimated ages for the formation of a LT basin (e.g. 5.5 Ma or 12 Ma) that could have served as a habitat for lacustrine cichlid radiations an intra-lacustrine origin of divergence for the LT tribes appears highly improbable. For instance, our age estimates for the MRCA of the EAR but also of the two MRCA of the most ancient Lake Tanganyika tribes (e.g., Bathybatini - 20.62 Ma, and Trematocarini - 16.13 Ma), and the MRCA of Lamprologini and H-lineage (23.6 Ma) are estimated to be substantially older than 12 million years. Hence, they predate the often-cited maximum age of LT of 12 Ma, which itself might even represent an overestimated age for the origin of the extant LT basin as those estimates are based on the probably incorrect assumption of uniform sedimentation rates (see below). Likewise, divergence age estimates for the MRCA of H-lineage and the MRCA of the benthopelagic LT clade are substantially older than the maximum estimate for the origin of LT. Ectodini and Cyphotilapiini mean divergence age estimates are still around two million years older than 12 Ma. While Cyprichromini and Limnochromini divergence ages fall in the time range of the older maximum age estimate of LT (9--12 Ma), the estimates were still older than the younger estimate of 5.5 Ma for the age of LT. Only the MRCA of Perissodini and Eretmodini had 95% HPD intervals which were partly younger than 5.5 Ma but mean ages still remain slightly older. It is worth mentioning that several of these lineages with a clear lacustrine ecology (such as Bathybatini, Trematocarini and the pelagic LT clade) started to radiate, according to our data, well before the onset of LT basin formation, even though their extant diversity evolved with high probability later under lacustrine conditions.

There is an ongoing debate about the geological age of the Lake Tanganyika basin and the onset of persistent lacustrine conditions which would have allowed for the evolution of the lacustrine species flocks of the EAR \[[@CR17]\]. In the cichlid literature, the most commonly cited maximum age of the opening of the oldest central segment of the proto-Lake Tanganyika is 9 to 12 Ma \[[@CR18]\]. This estimate is based on extrapolation of Quarternary sedimentation rates on seismically inferred deep-lake sediment layers assuming roughly uniform sedimentation rates \[[@CR18], [@CR118]\]. The northern Bujumbura LT basin and the southern Mpulungu LT basin are estimated to be younger with of ages of 7--8 Ma and 2--4 Ma, respectively. In contrast to the assumption of uniform sedimentation rates, episodes of regional tectonic, volcanic and climatic changes in the LT area rather suggest that sedimentation rates strongly fluctuated in the past and were higher especially during the late Miocene/early Pliocene. This would potentially translate into overestimated dates for the origin of lacustrine conditions of LT \[[@CR17], [@CR19]\]. Indeed, Cohen et al. \[[@CR18]\] already stipulated that their age estimates are only maximum ages, and several more recent studies based on thermochronology and sedimentology date the onset of pre-rift formation of the Albertine Rift to 4--11 Ma and the earliest onset of true rifting activity that could possibly have created deep rift lakes in the northern basins to only 5.5 Ma \[[@CR20]--[@CR23]\]. Due to the complex geological history and the remaining uncertainties regarding the age of LT we will compare both age estimates (9--12 Ma and 5.5 Ma) of the origin of LT with our divergence age estimates.

Several hypotheses of the origin and timing of diversification of Lake Tanganyika cichlid tribes have been proposed over the past years. One scenario postulates that the diversification of Lake Tanganyika lineages took place within the limits of the extant LT basin, i.e. the older lineages formed during the proto-LT phase, (9--12 Ma), whereas younger tribes would have evolved in the extant lake \[[@CR90]\]. Genner et al. \[[@CR5]\], based on their molecular clock analysis calibrated using Gondwana fragmentation (see above), suggested LT to be a reservoir of multiple ancient riverine lineages, which adaptively radiated into lacustrine species flocks after the proto-LT area had changed to become a rift lake; this, however, occurred without leaving any riverine descendants. In contrast to the two former scenarios, the recently proposed "Melting Pot Tanganyika" hypothesis of Weiss et al. \[[@CR17]\] proposes an independent pre-rift diversification of several LT cichlid precursor lineages in different drainages and precursor lakes of the greater LT area. After river captures in the Neogene and Pleistocene, i.e. during a phase of tectonic rearrangements in a highly dynamic and heterogeneous LT area landscape, secondary contact of those divergent cichlid lineages led to hybridization among them. Support for this scenario comes from evidence for a reticulate phylogenetic history of several LT lineages \[[@CR17], [@CR119]\], and, more recently, from the discovery of a Miocene age EAR fossil in Kenya with a mosaic of characters, of which some are present today only in selected LT cichlid tribes \[[@CR28]\].

Overall, our divergence age estimates are compatible with both the hypotheses of Genner et al. \[[@CR5]\] and Weiss et al. \[[@CR17]\], i.e. that LT might represent a reservoir of multiple ancient lineages that have evolved before the origin of the extant LT Tanganyika basin. In combination with the discovery of †*Tugenchromis pickfordi* in the Lake Baringo area of Kenya and the recent evidence for introgression and hybridization between several ancient LT and extant riverine cichlid lineages but also among LT lineages themselves \[[@CR17], [@CR100]\] the "melting-pot Tanganyika" hypothesis appears to be favorable. Even though our study provides comparatively robust age estimations for the MRCA of different LT tribes, no age estimates for potential introgression and hybridization events can be provided as only maternally inherited mtDNA data were used in this study.

Divergence of riverine Lamprologini supports several dispersal events from LT region towards the Congo system {#Sec13}
-------------------------------------------------------------------------------------------------------------

The present study identified for the first time a third basal lamprologine mtDNA clade, whose primary divergence took place latest at around 15.27 Ma (95% HPD: 12.23--18.49 Ma) and hence predate the origin of the extant LT basin under any geological scenario. Interestingly, the third novel clade comprises only lower and central Congo taxa, whereas the two previously known clades contain both Congo basin and LT taxa, with the Congo taxa being deeply nested within the LT species community. Unfortunately, alternative relationships among the three main clades are only weakly supported, rendering any vicariance-based inference about the geographic origin of Lamprologini difficult.

Two different scenarios had previously been suggested for the origin and distribution of Lamprologini. The first suggests that Lamprologini evolved within Lake Tanganyika as a single radiation and subsequently colonized the Congo Basin, possibly via the Lukuga River \[[@CR90], [@CR120]--[@CR122]\]. This scenario had been suggested because *Lamprologus* species of the Congo and Malagarasi-drainage are consistently nested deep within the 'non-ossified Lamprologines' of Lake Tanganyika in several studies (e.g. \[[@CR90], [@CR120]--[@CR122]\]). In contrast, the study of Clabaut et al. \[[@CR76]\] identified a clade encompassing a sample identified as *L. teugelsi*[1](#Fn1){ref-type="fn"} and *L. congoensis* as the sister group of all remaining LT Lamprologines in their nuclear DNA data set. This phylogenetic result suggested that Congo Lamprologini seeded the LT Lamprologini radiation, and hence rendering Congo Lamprologini ancestral relict species.

According to the results presented herein, the crown age of the two lineages harbouring predominantly LT taxa (the 'ossified' and 'non-ossified' Lamprologines), is substantially older than that of the Congo-lineage, a geographic origin of Lamprologini in the proto-LT region appears more likely and hence they appear to have colonized the western and central Congo basin later through multiple dispersal events. A first colonization event in the Late Miocene to Early Pliocene might have seeded the 'Lower Congo *Lamprologus* clade'; and, interestingly, it falls in the same time range of previously estimated age of the MRCA of the lower Congo endemic radiation of *Nanochromis* and *Steatocranus* \[[@CR123]\]. The diversification of the 'Lower Congo *Lamprologus* clade' might therefore be linked to the Pliocene origin of the modern lower Congo River rapids, which has been suggested to be correlated with the species-flock formation of *Steatocranus* and *Nanochromis* in the same area \[[@CR123]\]. If the Lamprologini origin in the greater LT region is correct, and if the Lower Congo Lamprologini originally were monophyletic as suggested by morphology \[[@CR124]\], then only a second colonization event could explain the alternative mtDNA haplotype placement of *L. werneri* in the 'non-ossified Lamprologines' clade. Indeed, complete exchange of mtDNA-haplotypes is known for LT endemic Lamprologini and therefore cannot be ruled out until more nuclear data are available for this group \[[@CR125], [@CR126]\].

We have included for the first time in a molecular phylogenetic analysis the only Upper Congo (Lualaba) endemic *Lamprologus*, *L. symoensi* from the Upemba Lakes region. Similarly to the *L. teugelsi* case, it appears to be either a descendant of a secondary colonization event (most likely by a member of the 'non-ossified Lamprologines' as suggested by morphological data; see Schelly et al. \[[@CR124]\]) or *L. symnoensi* captured the mitochondrial genome from dispersing LT Lamprologini. Interestingly, our mtDNA divergence ages estimates of *L. symoensi* and *Telmatochromis* cf. *temporalis* are young at around 2.55 Ma (95% HPD: 1.34--3.87 Ma), roughly similar to those of *Pseudocrenilabrus multicolor* and *P. nicholsi,* the former one a Nilotic species and the latter one an Upper Congo (Lualaba) species: 2.20 Ma (95% HPD: 1.20--3.34 Ma). This coincidence may indicate that the closely neighbouring Upper Congo, Lake Tanganyika and Nile drainage systems were relatively permeable at this time, e.g. through river captures and/or shared headwater areas, allowing the exchange of faunistic elements. This inference is also compatible with established Congo-Nilotic sister group relationships of selected modern Haplochromini \[[@CR26]\].

Age and divergence within riverine Haplochromini and their lacustrine radiations {#Sec14}
--------------------------------------------------------------------------------

Originally, the "Out of Tanganyika" hypothesis had suggested that the geographic and genetic cradle of Haplochromini is Lake Tanganyika and that LT Haplochromini secondarily left the lake to seed all other haplochromine radiations in East Africa \[[@CR37]\]. Our new node age estimates in combination with an improved riverine Haplochromini taxon sampling enabled us to re-evaluate this hypothesis, as well as the biogeographic and temporal origin of several other Haplochromini radiations, i.e. the modern Haplochromines of the Lake Victoria Region superflock (LVRS), the Lake Malawi species flock, the LT Tropheini.

In line with other more recent phylogenetic studies (e.g. \[[@CR9]\]) our molecular clock data suggesting that the onset of the Haplochromini diversification had started already by the Early Miocene (16.64 Ma; 95% HPD: 14.25--19.1). This date substantially predates the presumed tectonic origin of the LT basin by several million years and renders an "Out of Tanganyika" scenario rather unlikely based on our estimates. Taking into account that the Malagarasi-*Orthochromis* and the Haplochromini are resolved as sister lineages and that the earliest split within the Haplochromini is the sister-group relationship of *Ctenochromis pectoralis* endemic to coastal drainages in Kenya and Tanzania, and remaining Haplochromini, it seems more parsimonious that the MRCA of haplochromine cichlids lived east of LT. Nevertheless, a key role of the greater LT region as a reservoir of ancient haplochromine cichlid lineages is shown by the relict-like distribution patterns of the riverine mtDNA lineage of the recently described '*Orthochromis*' *indermauri*, which is estimated to have diverged from other Haplochromini lineages including the *'Pseudocrenilabrus-*group', Tropheini plus '*H*'*. vanheusdeni*, the Lake Malawi species flock and modern Haplochromini well before the origin of the LT basin in the Early to Middle Miocene.

Undoubtedly, LT with its history of climate-driven lake level fluctuations shaped the evolution of the Tropheini (e.g. \[[@CR127]--[@CR129]\]), but the origin of this LT endemic haplochromine lineage is only partially understood. In previous studies Tropheini had been resolved as the sister group to a clade encompassing the many riverine and modern Haplochromini (including the LVRS) and the Lake Malawi species flock (e.g. \[[@CR7], [@CR37], [@CR119]\]). Further, two recent studies found support for a potential ancient hybrid origin for the Tropheini \[[@CR17], [@CR100]\]. Therefore, it is quite unexpected that the here newly recognized lineage represented by '*H*'*. vanheusdeni*, endemic to the coastal Great Ruaha drainage in eastern Tanzania system, is resolved as the mitochondrial sister group to Tropheini. Divergence of those two lineages is estimated to have occurred in the early or middle Miocene, which indicates a past connection of the proto-Malagarasi drainage system and the Proto-Great Ruaha drainage system at that time. Interestingly, in addition to '*H*'*. vanheusdeni* is another biogeographically important lineage known from Ruaha drainage system. Genner et al. \[[@CR130]\] recovered *Astatotilapia* sp. 'Ruaha' as sister lineage of the Lake Malawi species flock. Unfortunately, our study is missing this taxon, but it underlines the remarkable drainage evolution of the Ruaha.

The MRCA of the megadiverse Lake Malawi species flock is dated to the Pliocene at around 4.07 Ma (95% HDP: 2.93--5.26 Ma). This age is compatible with previous findings based on fossil and Gondwana fragmentation calibration \[[@CR5]\], or on secondary calibrations (Genner et al. \[[@CR131]\] based on \[[@CR35]\]). However, our Pliocene divergence age sharply contrasts with the findings of several other studies dating the age of the Lake Malawi species flock considerably younger, i.e. 0.93--1.64 Ma \[[@CR16]\], 0.73--1.0 Ma \[[@CR15]\], 0.7--1.5 Ma (\[[@CR100]\]; concatenation set) and 0.4--1.2 Ma (\[[@CR100]\]; multispecies coalescent model). The young age estimates obtained by the studies of Sturmbauer et al. \[[@CR16]\] and Koblmüller et al. \[[@CR15]\] appear to be the result of a calibration based on the assumption of Delvaux \[[@CR24]\] that Lake Malawi almost completely desiccated between 1.6 Ma until 1.0--0.57 Ma, and on the assumption that an intralacustrine origin of major Lake Malawi cichlid clades ("mbuna", "utaka") would have taken place only after hypothetical refilling of the LM. This assumption might be, however, inappropriate, as a recent study recorded continuous sedimentation in Lake Malawi over the last 1.3 Ma, even though 15 severe droughts had intermittently resulted in lake level decreases of more than 400 m \[[@CR25]\]. Moreover, the geological and sedimentological age of LM is still poorly understood. The Malawian Rift is bordered by the Rungwe volcanic province, which is estimated to have formed between 5.45 to 8.6 Ma based on K/Ar dating of different volcanic materials \[[@CR132], [@CR133]\]. These ages are commonly associated with the onset of rifting of LM rift basin (e.g. \[[@CR24], [@CR131]\]). The lower Chiwondo Beds northwest of LM coast are dated to 4 Ma or older based on biostratigraphy and represent the first evidence for lacustrine conditions of LM \[[@CR134]\]. Our divergence time estimates for the origin of the LM species flock are thus compatible with the reported onset of lacustrine conditions of LM and which would imply that ancient lineages of the LM species flock survived these droughts. Interestingly, the MRCA of the clade containing predominantly sand-dwelling genera (mean age: 0.69 Ma; 95%HPD: 0.45--0.96 Ma) and the MRCA of the clade containing predominantly rock-dwelling genera (mean age: 0.6 Ma; 95%HPD: 0.39--0.81 Ma) appear to have emerged at around the Mid-Pleistocene restoration of lacustrine conditions in LM The radiation of these clades hence may be the result of increased ecological opportunity and habitat stability in LM \[[@CR25], [@CR100]\].

The exact geological age of the largest freshwater lake in world, Lake Victoria (LV), is still debated, but its formation is estimated to 0.4 Ma or 0.8 to 1.6 Ma \[[@CR135], [@CR136]\] and paleolimnological data provide evidence for a nearly complete or even complete desiccation of LV during the late Pleistocene (e.g. \[[@CR135], [@CR137]\]). These findings fostered doubts whether the LVRS (following Verheyen et al. \[[@CR96]\] and Meier et al. \[[@CR26]\]) originated before or after the late Pleistocene desiccation events. Divergence estimates of previous studies ranged between 0.1 Ma and 4.42 Ma, i.e. suggesting that the LVRS origin predates the desiccation of LV \[[@CR96], [@CR100], [@CR138]\]. Our mitochondrial divergence time estimate dates the LVRS to around 0.31 Ma (95% HPD: 0.12--0.53 Ma) which is roughly compatible with the estimated age of LV; however, our taxon sampling is not fully representative for that flock as several lineages e.g. from Lake Kivu, Lake Edward and Lake Albert are missing. Nevertheless, it still includes *Haplochromis stappersii*, which together with *Haplochromis* sp. "Yaekama" forms the sister clade to the LVRS \[[@CR26]\]. We estimated the divergence age for the MRCA of the LVRS and *H*. *stappersii* to around 0.99 Ma (95% HPD: 0.51--1.53 Ma). Moreover, it has recently been shown by Meier et al. \[[@CR26]\] that the LVRS might be the result of ancient hybridization events between two haplochromine lineages (a 'Congolese lineage' including for example *H*. *stappersii*, and an Upper Nile lineage consisting of '*Haplochromis*' *gracilior* and *Haplochromis pharyngalis*) which should be considered for the divergence time reconstruction of the LVRS.

Through the inclusion of the newly discovered fossil †*Tugenchromis* and the careful selection of additional calibration points, we provide novel and refined divergence age estimates for most haplochromine radiations. These estimates are still preliminary, however, as for a more accurate reconstruction of the evolutionary history, particularly of the younger haplochromine lineages, additional nuclear DNA-data, younger calibration points and additional analysis methods based on population-level sampling, are needed.

Conclusion {#Sec15}
==========

Our study, based on an alignment of ten mitochondrial protein-coding genes including representative taxa of all cichlid subfamilies, resulted in a comparatively well-resolved mitochondrial phylogenetic hypothesis for cichlids with focus on members of the East African radiation. Bayesian divergence time estimates based on eighteen different calibration sets evaluating even extremely young or old age previous age estimates are, nevertheless highly consistent and several novel mtDNA haplotype lineages are recognized. One is a novel third clade of lower Congo *Lamprologus*, and the other two east-central African ones with considerable phylogeographic interest, i.e., '*Orthochromis*' *indermauri* and *Haplochromis vanheusdeni.* Remarkably, all three novel lineages represent riverine taxa with close affinities to important cichlid radiations. This underscores the importance of a fully representative riverine taxon sampling when phylogenetically inferring the evolutionary history and biogeography of cichlid radiations (e.g. \[[@CR15], [@CR26], [@CR37], [@CR131]\]).

Although our study is based to a large part on the protein coding genes of the mitochondrial genome we were able to obtain robust minimum ages of divergence ages associated with the origin of the East African cichlid fauna. Moreover, our molecular clock analysis adds addtitional support to several previously ambiguously supported findings. First, divergence age estimates for the MRCA of the African Pseudocrenilabrinae and Neotropical Cichlinae are consilient with the those of teleost-based Matschiner et al. \[[@CR9]\], tentatively supporting the dispersal hypothesis, i.e. that seemingly vicariant phylogeography of Cichlidae can be explained by short-distance marine dispersal events (e.g. \[[@CR7], [@CR9], [@CR63]\]), but not with long-distance oceanic dispersal. In particular, the sister relationship of African Pseudocrenilabrinae and Neotropical Cichlinae can be explained with an ecologically plausible dispersal scenario covering only short distances across now submerged island chains between the South American and African continents, e.g. the Rio Grande Rise and the Walvis Ridge.

Further, Genner et al.´s \[[@CR5]\] "Ancient Reservoir" and the "Melting Pot Tanganyika" hypothesis of \[[@CR17]\] are supported by our cichlid age estimates in combination with the recent discovery of a Miocene EAR cichlid fossil in Kenya exhibiting synapomorphies with several extant Lake Tanganyika cichlids \[[@CR28]\], and with recent evidence for repeated hybridization among ancient cichlid lineages in Lake Tanganyika \[[@CR17], [@CR119]\]. Our divergence time estimates for almost each of the MRCA of all endemic LT tribes predate the estimated origin of the extant LT basin at 5.5 Ma and only Perissidini and Eretmodini might have formed after the formation of LT.
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BPP

:   Bayesian Posterior Probability

BS

:   Bootstrap support

EAR

:   East African Radiation

HPD

:   Highest posterior density

LM

:   Lake Malawi

LT

:   Tanganyika

LV

:   Lake Victoria

LVRS

:   Lake Victoria Region Superflock

ML

:   Maximum likelihood

MRCA

:   Most recent common ancestor

There seems to be some confusion with the identification of one or more "*L. teugelsi"* samples in previous studies. After the description of *Lamprologus teugelsi* by Schelly et al. \[[@CR124]\] samples and sequences previously identified as *L. mocquardi* (e.g. \[[@CR90]\]) were renamed as *L. teugelsi* in subsequent studies (e.g. \[[@CR76], [@CR120]\]). Unfortunately, no precise sample location for these samples were provided. With the exception of a dubious type locality record in the primary description, *L. teugelsi* is known only from the Inga area of the Lower Congo rapids. Without locality information and reexamination of those specimens it is not possible to clarify whether *L. teugelsi* carries two different mitochondrial haplotypes or if previously analyzed specimens were misidentified.
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